Cerebral microvascular disease predominantly affects brain white matter and deep grey matter, resulting in ischaemic damage that ranges from lacunar infarcts to white matter hyperintensities seen on magnetic resonance imaging. These lesions are common and result in both clinical stroke syndromes and accumulate over time, resulting in cognitive deficits and dementia. Magnetic resonance imaging studies suggest that these lesions progress over time, accumulate adjacent to prior lesions and have a penumbral region susceptible to further injury. The pathological correlates of this adjacent injury in surviving myelinated axons have not been previously defined. In this study, we sought to determine the molecular organization of axons in tissue adjacent to lacunar infarcts and in the regions surrounding microinfarcts, by determining critical elements in axonal function: the morphology and length of node of Ranvier segments and adjacent paranodal segments. We examined post-mortem brain tissue from six patients with lacunar infarcts and tissue from two patients with autosomal dominant retinal vasculopathy and cerebral leukoencephalopathy (previously known as hereditary endotheliopathy with retinopathy, nephropathy and stroke) who accumulate progressive white matter ischaemic lesions in the form of lacunar and microinfarcts. In axons adjacent to lacunar infarcts yet extending up to 150% of the infarct diameter away, both nodal and paranodal length increase by $20% and 80%, respectively, reflecting a loss of normal cell-cell adhesion and signalling between axons and oligodendrocytes. Using premorbid magnetic resonance images, brain regions from patients with retinal vasculopathy and cerebral leukoencephalopathy that harboured periventricular white matter hyperintensities were selected and the molecular organization of axons was determined within these regions. As in regions adjacent to lacunar infarcts, nodal and paranodal length in white matter of these patients is increased. Myelin basic protein and neurofilament immunolabelling demonstrates that axons in these adjacent regions have preserved axonal cytoskeleton organization and are generally myelinated. This indicates that the loss of normal axonal microdomain architecture results from disrupted axoglial signalling in white matter adjacent to lacunar and microinfarcts. The loss of the normal molecular organization of nodes and paranodes is associated with axonal degeneration and may lead to impaired conduction velocity across surviving axons after stroke. These findings demonstrate that the degree of white matter injury associated with cerebral microvascular disease extends well beyond what can be identified using imaging techniques and that an improved understanding of the neurobiology in these regions can drive new therapeutic strategies for this disease entity.
Introduction
Microvascular ischaemic disease of the brain predominantly affects the poorly collateralized deep white matter and deep grey matter. Infarcts affecting subcortical structures account for up to 25% of clinical stroke presentations (Roger et al., 2012) and the prevalence of subclinical ischaemic damage to white matter is estimated between 6% and 25% (Go et al., 2014) and increases with age (Vermeer et al., 2007) . These silent subclinical events contribute significantly to the risk of large vessel stroke (Vermeer et al., 2003; Arsava et al., 2011) , disability (Sonohara et al., 2008) , vascular dementia (DeCarli, 2013) and death (Conijn et al., 2011) . Despite the severity and frequency of these lesions, data on how they affect the molecular and cellular elements of brain white matter remain limited.
The neuroimaging appearance of such lesions varies dramatically from frank lacunar infarcts to white matter hyperintensities on T 2 /FLAIR sequences. Fisher classically defined lacunar infarcts as 515 mm 3 in maximal dimension (Fisher, 1982) and occurring deep within the brain. With the introduction of ultra-high field MRI scanning, in vivo demonstration of microinfarcts, generally 5500 mm in size (Brundel et al., 2012) , indicates that subclinical microvascular injury may be much more common than previously thought (van Veluw et al., 2013) and plays a significant role in the development of dementia and cognitive impairment (Okamoto et al., 2009) . Serial imaging studies indicate that new lacunes develop adjacent to previous ones (Duering et al., 2013) whereas diffusion tensor imaging (DTI) suggest that there is a penumbra of injury that exists adjacent to well-defined lacunar lesions, reflecting more subtle tissue damage (Maillard et al., 2011) with an increased susceptibility to additional injury. Recent data suggests that DTI may not correlate well with the axonal pathology seen in brain white matter in patients with multiple sclerosis (Zollinger et al., 2011) , therefore we sought to determine the molecular organization of axons in tissue adjacent to lacunar infarcts and in regions surrounding microinfarcts. Prior human pathological studies have not applied our enhanced understanding of the biology of myelinated axons to better characterize the full extent of white matter injury after stroke (Bailey et al., 2012) .
Myelinated axons develop regional specializations that result in clustering of molecules needed for saltatory conduction, including voltage-gated sodium channels (Na V ) at the node of Ranvier (Susuki and Rasband, 2008) . Adjacent regions, termed paranodes, cluster molecules that mediate cell-cell adhesion and trophic signalling between the axon and the oligodendrocyte (Einheber et al., 1997; Rios et al., 2000; Tait et al., 2000; Bhat et al., 2001; Boyle et al., 2001; Schafer and Rasband, 2006) . Disruption of axonal microdomains has been well studied in multiple sclerosis. In multiple sclerosis, autoimmune destruction of the myelin sheath disrupts axoglial contact and leads to elongated paranodes and a redistribution of Na V along the length of the axon (Dupree et al., 1999; Reimer et al., 2011) . Over time, this redistribution of Na V outside of the normal nodal region causes axonal damage contributing to disease progression (Wingerchuk et al., 2001) . Thus, precise formation and maintenance of axonal microdomains is a de facto measurement of white matter health and their loss indicates disrupted axoglial signalling and predisposes to axonal degeneration.
Here, we examined human post-mortem tissue adjacent to defined lacunar and microinfarct lesions for the molecular organization of surviving axons. We determined axonal microdomain integrity at the nodal and paranodal regions within these surviving axons. We identified abnormal appearing nodal and paranodal segments extending significant distances from the central core of the lacunar infarct, supporting imaging observations that the full extent of white matter injury extends substantially beyond that observed using macroscopic techniques. We also examined axonal microdomain integrity in the white matter of two rare cases of autosomal dominant retinal vasculopathy and cerebral leukoencephalopathy (RVCL) harbouring multiple microinfarcts corresponding to T 2 /FLAIR hyperintensities on MRI.
Materials and methods

Clinical case selection
The cases selected for examination in this study are a retrospective, convenience sample of autopsy cases from a clinicopathological study of cognitively normal subjects, those with subcortical ischaemic vascular dementia or Alzheimer's disease. Written informed consent for autopsy was obtained from all subjects or legal next-of-kin. From this larger database, cases selected for detailed microscopy included those with definable small vessel infarcts determined by expert neuropathological assessment of haematoxylin and eosin stained sections. Demographic information and anatomical location of infarcts for each case are detailed in Table 1 . Based on the clinical information available at autopsy, all the lesions identified were presumed to be asymptomatic in life. In addition, postmortem tissue examination of two subjects with a genetically confirmed diagnosis of autosomal dominant RVCL [formerly hereditary endotheliopathy with retinopathy, nephropathy and stroke (HERNS)] syndrome, were also included in the study (Jen et al., 1997; Kolar et al., 2014) .
Tissue processing and immunohistochemistry
Autopsy and brain extractions were performed according to standard procedures. Post-mortem intervals are detailed in Table 1 . Extracted brains were immediately fixed in 10% formalin for 2 weeks. Fixed specimens were then blocked for regions of interest, processed and embedded in paraffin. Six-micrometre thick tissue sections were generated from the paraffin embedded blocks for histological analysis using immunofluorescent labelling as follows. Sections were first baked at 60 C melt the paraffin wax and subsequently washed in xylene to dissolve residual paraffin followed by graded ethanol baths (100-70%) and double-distilled H 2 O to rehydrate the tissue. For histological staining, sections were then immersed in Harris haematoxylin (Fisher) for 1 min and slightly destained in 1% HCl in 80% ethanol. Haematoxylin-stained slides were further developed with 0.2% ammonia water and then immersed in eosin-Y (Fisher) for 3 min. Following eosin immersion, sections were dehydrated in graded ethanol baths (70-100%), cleared in xylenes and cover-slipped for visualization by light microscopy.
All of the sporadic cases of lacunar infarcts were immunostained for amyloid-b 1-40 (EMD Millipore) and amyloid-b 1-42 (EMD Millipore) as well as tau (Pierce) as part of the routine autopsy assessment. Tissue blocks stained included frontal, superior temporal, occipital, hippocampus, basal ganglia and cerebellum.
For immunofluorescent labelling, tissue epitopes were exposed with heat-induced antigen retrieval using a pressurized antigen decloaking chamber at 120 C for 5 min in 10 mmol citrate pH 6.0 and allowed to cool to room temperature. After antigen retrieval, tissue sections were permeabilized with 0.3% Triton TM X-100 in phosphate-buffered saline (PBS) followed by 5% acetic acid in 95% ethanol. After permeabilization, sections were blocked with 5% normal donkey serum 0.3% Triton TM X-100 in PBS (NDSX) for 1 h. Finally, sections were incubated overnight sequentially with the following primary antibodies: rabbit anti-beta-IV spectrin (1:400; gift from Dr Matthew Rasband, Baylor College of Medicine), mouse anti-contactin-associated protein (caspr) (1:500, Neuromab) (caspr is now known as CNTNAP1), mouse anti-human myelin basic protein (MBP) (1:1000, Chemicon), or rabbit anti-neurofilament 200 (NF200) (1:500, Sigma) in NDSX, visualized using appropriate immunoflourescent anti-mouse (Invitrogen A21202) and anti-rabbit secondary (Invitrogen A10042) antibodies diluted at 1:200 in NDSX and mounted in medium containing DAPI for nuclear counterstaining (Invitrogen P36935).
Imaging and quantification
Histological sections stained for haematoxylin and eosin were imaged on a Leica DMLB microscope. Lacunar infarcts were identified by the loss of tissue associated with cavitary lesions. When no cavitary lesion was present, the lesion was identified by the loss of histological staining and associated tissue pallor. Infarct areas were measured using Stereo Investigator Õ (MBF Inc.) (Supplementary Table 1 ). Although most infarcts were elliptically shaped, areas were measured by tight perimeter enclosures using the contour feature in Stereo Investigator Õ . A centre point of each lesion was identified and the horizontal and vertical diameters measured. Immunolabelled serial sections were imaged at Â60-100 using a Nikon C2 laser scanning confocal microscope. The region containing the infarct was defined and high-powered microscopic fields were imaged at distances corresponding to 50% tertiles of the infarct diameter away from the centre of the infarct in both vertical and horizontal directions, while remaining within the surrounding white matter. Five microscopic fields were imaged per tertile. For nodal and paranodal measurements, only axons with an identifiable node and two adjacent paranodes were measured to avoid measuring axonal microdomains that were cut during thin sectioning. The number of infarcts and total nodal and paranodal measurements are listed in parentheses in Table 2 . Control nodal and paranodal measurements were determined using both an internal control (obtained by measuring segments from regions of white matter far away from the region of lacunar infarct) and external controls from age-matched samples without evidence of infarct. Statistical significance of changes in nodal and paranodal length were determined using a one-tailed Student's t-test assuming unequal variance and P 5 0.05.
Results
Molecular organization of axons in human lacunar infarcts
To determine the molecular organization of axons adjacent to lacunes, we selected six clinical cases with Supplementary Fig. 1 ). Lacunar infarcts were defined pathologically by the presence of a focal necrotic cystic cavity by haematoxylin-eosin staining, conforming to a classic type I cavitary lacunar lesion, or regions of a definable area of tissue pallor; i.e. type Ib lesion (Ferrer et al., 2008) . The diameter (in mm) and area (in mm 2 ) of each defined region of lacunar stroke was measured and is presented in Supplementary Table 1 . Most of the infarcts were substantially smaller than Fisher's classical definition of an infarct measuring 515 mm 3 and were predominantly localized within white matter. Representative haematoxylin and eosin stained sections of a classical lacune within subcortical white matter and a more subtle infarct without a central necrotic core of tissue loss are shown in Supplementary Fig. 2 . Immunolabelling of control white matter for beta-IV spectrin to label nodes of Ranvier and contactin-associated protein (caspr) to label paranodes reveals a staining pattern with relatively uniform nodal and paranodal length within compact white matter ( Supplementary Fig. 3 ). Immunolabelling of nodes and paranodes in normalappearing white matter several centimetres from the defined infarct shows a similarly uniform organization of beta-IV spectrin and caspr within nodes and paranodes, respectively (Fig. 1A) . Adjacent to lacunar stroke, paranodal staining with caspr reveals a relative loss of caspr-positive paranodal profiles when compared to the uniform staining seen in external and internal control sections (Fig. 1B) . When present adjacent to infarcts, caspr-positive paranodal segments were elongated (inset, Fig. 1B ). Beta-IV spectrin-positive nodal segments demonstrated relative preservation of nodal density when compared to external and internal controls, but also demonstrated morphologic disruption including elongation of nodal segments (Fig. 1B) .
We hypothesized that the molecular organization of axons would become more normal appearing with a greater distance from the infarct core as the degree of ischaemia, inflammatory response and gliosis associated with lacunar infarcts diminishes. As the infarcts included in this study varied greatly in diameter, we established a method for quantification of axonal abnormalities based on the individual infarct diameter. Molecular disruption of axons was then measured in adjacent white matter as a percentage of the individually measured infarct diameter, divided into tertiles extending up to 150% of the infarct diameter away from the central core ( Supplementary Fig. 4) .
Regions of white matter immediately adjacent to the infarct (10-50% of the infarct diameter) demonstrated multiple irregularities in the appearance of nodal and paranodal segments ( Fig. 2A) . Morphologic disruption of nodal segments was frequently seen in this region and quantification of nodal length in this region reveals a $20% increase compared to external controls (P = 0.003, Table 2 ). In this region immediately adjacent to the infarct cavity, paranodal segments were similarly disrupted with an 83.2% increase in average paranodal length when compared to control (P 5 0.0001, Table 2 ). As distance from the infarct core increases to 50-100% of the infarct diameter away, nodal and paranodal abnormalities persist (Fig. 2B) , with a significant increase in nodal and paranodal segment length compared to control (25.1% and 95.0%, respectively, Table 2 ). In the furthest regions from the infarct centre, 100-150% of the infarct diameter or over twice the diameter of the infarct centre, molecular disruption of axons persists with morphologic disruption of nodal and paranodal segments (Fig. 2C) , as well as a similar significant 19.3% increase in nodal length and a 90.8% increase in paranodal length (Table 2) . Similar nodal and paranodal length measurements were obtained from both internal controls (same section, at least 1 cm away from infarct) and external controls (Table 2 ). Figure 3A highlights beta-IV spectrin immunoreactivity at the axon initial segment, which was excluded from quantification in this study. These results indicate that the molecular disruption of axons adjacent to white matter infarcts can extend between 187 to 2106 mm from the infarct core, depending on its size (Supplementary Table 1) . External control (n = 2/600) 0.88 n/a n/a 2.16 n/a n/a Internal control (n = 2/178) 0.83 n/a n/a 2.03 n/a n/a WMS 10-50% (n = 8/162) n/a = not applicable; WMS = white matter stroke.
Molecular disorganization of specific proteins within the axon may reflect loss of myelin or other structural disruption of the axons. To examine the structural integrity of myelin and axons adjacent to lacunar infarcts, we labelled serial sections from each case for myelin basic protein (MBP) and neurofilament 200 (NF200) (Fig. 3) . Although there is some evidence of denuded axons immediately adjacent to the infarct core (Fig. 3A) , high magnification images at increasing distances from the infarct core reveal relative preservation of myelin and axons as evidenced by the close co-localization of MBP and NF200 staining (Fig. 3B-D) . MBP and NF200 staining of age-matched control tissue shows a similar pattern of staining in both densely packed white matter ( Supplementary Fig. 5C ) and typical subcortical regions where lacunar strokes were located ( Supplementary Fig.  5D ). These data indicate that the molecular reorganization occurring at the node and paranode is not a result of lost myelin or structurally abnormal axons.
Molecular organization of axons in autosomal dominant RVCL
Autosomal dominant RVCL is a group of heritable stroke syndromes resulting from a mutation in the TREX1 gene ( paranodal regions in normal-appearing white matter (nawm) from an index case located away from regions of ischaemia (A) reveals a regular pattern of nodal (red) and paranodal (green) staining. Beta-IV spectrin-positive nodes and caspr-positive paranodes demonstrate relatively uniform staining pattern in controls (inset, A). Adjacent to an infarct (B), the frequency of intact nodal and paranodal staining is decreased. Elongated caspr-positive paranodal profiles (green) are apparent adjacent to the infarct (arrowheads and inset). Elongated beta-IV spectrin-positive nodal domains are also visible adjacent to the infarct (arrows). Magnification Â 60. Scale bar = 10 mm.
Figure 2 Abnormal nodal and paranodal profiles persist with increasing distance away from the infarct centre. Immediately adjacent to the infarct (10-50% of infarct diameter), elongated and irregular caspr-positive paranodes (green, arrows) are frequently seen (A). Beta-IV spectrin-positive nodal profiles (red) are also irregular (A). Further away from the infarct (50-100% of infarct diameter), axonal microdomains remain disrupted with irregular morphology of paranodal regions (arrows, B). In tissue adjacent to, but some distance from the infarct core (100-150% of infarct diameter), elongated paranodes (arrows) and irregular appearing nodal profiles persist (C). In some instances, beta-IV spectrin-positive axon initial segments are seen (arrowheads). Magnification Â60. Scale bar = 5 mm. multilayered capillary basement membrane (Jen et al., 1997) that is thought to contribute to delayed and progressive infarction within the brain. These patients develop multiple small vessel infarcts within the cerebral white matter that accumulate over time and produce progressive neuropsychiatric decline. We hypothesized that such patients with repeated microvascular infarcts and multiple lacunar strokes would have similar molecular disorganization of axons adjacent to infarcts as we observed in routine clinical cases. In addition, these cases lack the potential confound of other forms of dementia such as Alzheimer's disease or frontotemporal dementia. They also demonstrate disease much earlier in life ( Table 1 ) thus demonstrating that our results are not simply age-related. These cases also had clinical MRI images that would allow us to specifically examine brain areas that corresponded to regions of lacunar infarction and white matter hyperintensity.
Representative axial FLAIR and T 2 -weighted images from one RVCL patient, demonstrate cystic, partially cavitated lacunar infarcts with adjacent white matter hyperintensity ( Fig. 4A and B) . Serial imaging available in these patients indicated progressive white matter damage, ultimately resulting in cystic lacunar infarcts (data not shown). Using this neuroimaging as a guide, we selected post-mortem brain blocks that included areas of T 2 /FLAIR hyperintensity such as the right periventricular white matter for a detailed examination of axonal microdomain regions within the white matter of these patients.
Histological analysis of periventricular white matter from patients with RVCL demonstrates irregularly thickened capillary walls, thought to be central to the pathophysiology of the syndrome (Fig. 5A) . Cavitary lacunar infarction could be found adjacent to the head of the caudate nucleus in histological sections from the region depicted in the box in Fig. 5B (Supplementary Fig. 6 ) as well as in regions of right frontal leukoencephalopathy (data not shown). Axonal microdomain integrity in nodes and paranodes in increasing tertiles away from the infarct, demonstrated elongated paranodes mostly immediately adjacent to the infarct ( Supplementary Fig. 7 ). The limited sample of lacunar infarcts in these two cases prevented a detailed quantitative analysis of nodal and paranodal length.
In addition to these lacunar infarcts, multiple small pale regions consistent with microinfarcts were present within the white matter of patients with RVCL (Fig. 5A ). Many lesions also featured hyperpigmented microcalcinosis (Fig. 5B) . In both cases, immunolabelling of nodal and paranodal regions within the white matter adjacent to these multiple microinfarcts reveals abnormal appearing paranodes (insets, Fig. 5C and D) and abnormal appearing nodal regions (Fig. 5C and D) . In this limited sample, nodal length increased by 37.5% (1.21 mm) compared to control (0.88 mm) (P 5 0.0001). Average paranodal length also increased by 8.75% (2.35 mm) compared to control (2.16 mm) (P 5 0.0001). Overall, axonal microdomain analysis in the white matter of patients with RVCL demonstrates a consistent finding of disrupted axoglial cell-cell adhesion at paranodes in axons surviving white matter infarcts as we observed in non-heritable lacunar stroke.
Discussion
Cerebral microvascular disease leads to a spectrum of clinical syndromes that range from acute stroke to progressive cognitive decline and dementia. The disease is common and often unrecognized, making it vital to enhance our understanding of the disease process. Our findings demonstrate the relative preservation of myelin and the basic cytoskeletal structure of axons in regions adjacent to lacunar infarcts, while showing that the normal molecular organization of axons at nodes of Ranvier and flanking paranodal segments is disrupted. These results also demonstrate that similar findings are present in both classic type I cavitated lacunar lesions as well as microinfarcts, as we did not detect any difference in nodal or paranodal length between these different lesions. These findings generally support the concept of a region adjacent to existing white matter lesions that is susceptible to further injury as suggested by imaging studies (Maillard et al., 2011; Duering et al., 2013) and shows that this adjacent region may extend a significant distance from the central core lesion. The inclusion of surrounding axons in the spectrum of damage after white matter infarcts may explain the progressive nature of these lesions (Gouw et al., 2008) as molecularly unstable axons degenerate over time. The presence of a white matter penumbral injury with surviving but damaged axons may also explain why clinical disability persists even after small strokes (Smith et al., 2005 (Smith et al., , 2011 Nedeltchev et al., 2007; Coutts et al., 2012) .
We observed a similar disruption of the molecular organization of axons in the white matter of two cases of autosomal dominant RVCL, demonstrating similar effects of cerebral microvascular disease on white matter and axons. By demonstrating similar findings in patients with RVCL who were substantially younger in age and lacking any pre-morbid confounding diagnosis of dementia when compared to our larger case series, we have shown that the molecular disorganization of axons adjacent to white matter stroke occurs independently of these variables. This finding suggests that an important consequence of cerebral microvascular disease is disruption of the normal axoglial relationship at paranodes. In addition, the targeted use of pre-morbid MRI studies in two cases of autosomal dominant RVCL to select post-mortem brain blocks for detailed tissue analysis provides an imaging-to-molecular neuropathology correlation that has not been previously reported. Using this approach, the pathological correlates of white matter hyperintensities can be better substantiated and provide new insights into the significance of white matter lesions on imaging.
Much of our understanding about the normal molecular organization of axons has been gleaned from mouse models (Susuki and Rasband, 2008) . Node of Ranvier formation occurs through an orchestrated combination of extracellular matrix proteoglycans that trap neurofascin-186 at the node, axoglial junctions that develop at paranodes, and axonal cytoskeletal scaffolds that anchor key functional proteins such as Na V (Susuki et al., 2013) . The tripartite molecular complex present at paranodes, including neurofascin-155, contactin, and contactin-associated protein (caspr, now known as CNTNAP1), is required to maintain the normal distribution of axonal ionic channels and functional saltatory conduction (Bhat et al., 2001; Boyle et al., 2001; Pillai et al., 2009) . In multiple sclerosis and its animal model, experimental autoimmune encephalomyelitis (EAE), autoimmune attack on myelin results in a loss of axoglial contact at paranodes and dispersion of nodal Na V along the axon (Howell et al., 2006; Herrero-Herranz et al., 2008) . Redistribution of Na V outside of the nodal region is hypothesized to contribute to progressive axonal loss (Wingerchuk et al., 2001) . In a mouse model of cerebral hypoperfusion established by mild bilateral carotid narrowing, axoglial contact is also jeopardized with resultant increase in nodal and paranodal length (Reimer et al., Figure 4 Representative axial FLAIR and T 2 -weighted MRI images from one patient with autosomal dominant RVCL. FLAIR sequences demonstrate multiple periventricular lacunar infarcts, predominantly in the right frontal periventricular white matter (arrows, A) along with more diffuse FLAIR hyperintensity within the same regions. T 2 -weighted images demonstrate both CSF-signal intensity lacunar infarcts as well as hyperintense signal change within the periatrial white matter (B). Immunofluorescently stained sections were taken from brain blocks corresponding to the left periventricular white matter (box) in A.
2011). Thus, the phenomena of increased nodal and paranodal length serves as a common molecular marker of disrupted axoglial contact and signalling and signals impending damage to axons that are otherwise structurally intact.
Our findings suggest that the hyperintense signal change seen on MRI in ischaemic white matter includes regions of axons that lack the normal molecular organization needed for long-term survival and high-fidelity neurotransmission. Such a conclusion supports the data from human imaging studies showing that fractional anisotropy is decreased adjacent to existing regions of white matter hyperintensity (Maillard et al., 2011) . In fact, increases in mean diffusivity on MRI have been reported in normal-appearing white matter both in aged subjects (Bastin et al., 2009) and in post-mortem ex vivo samples of spinal cord from patients with multiple sclerosis (Zollinger et al., 2011) . Chronic cerebral hypoperfusion in mice results in decreased fractional anisotropy and magnetic transfer ratios within the white matter (Holland et al., 2011) and produces an increase in nodal and paranodal length (Reimer et al., 2011) .
Although in the present study we focused on axonal molecular abnormalities adjacent to measurable lacunar infarcts, our findings may be applicable to imaging evidence of changes in more subtle white matter hyperintensities and normal-appearing white matter as well. Importantly, agerelated increases in paranodal length are known to occur in rhesus monkeys and rats (Hinman et al., 2006) , thus any determination of axonal microdomain integrity in normalappearing white matter must be considered in the context of normal age-related changes as we did here by using both internal and external controls.
White matter adjacent to an ischaemic lesion likely experiences partial injury to both oligodendrocytes and axons that is not sufficient to lead to cell death or trigger Wallerian degeneration, but nonetheless disrupts axoglial adhesion and trophic signalling through unknown mechanisms. This could be triggered by a gradient of ischaemia extending away from the central core of infarction supporting the traditional penumbral concept. Alternatively these changes may result from downstream paracrine inflammatory or other molecular signals initiated by the primary Figure 5 Microinfarcts and molecular disorganization of axons within the white matter of two patients with autosomal dominant retinal vasculopathy and cerebral leukoencephalopathy. Haematoxylin-eosin stained sections from periventricular white matter from two patients with autosomal dominant RVCL. (A and B) Multiple microinfarcts are present throughout the white matter (arrows). In Case 2, many of these microinfarcts were associated with the deposition of calcium within the lesions (arrows, B). In Case 1, most nodal segments (red) appear largely intact while paranodal segment (green) elongation is obvious throughout the white matter adjacent to microinfarcts (C, inset). In Case 2, a greater degree of axonal disruption is present adjacent to microinfarcts (D). Nodal abnormalities were more frequent and paranodal segments were also notably elongated (inset). Magnification Â 60. Scale bar = 5 mm.
ischaemic insult or by a decrease in blood-brain barrier integrity within the white matter (Wardlaw et al., 2008) that would alter ionic gradients and bring systemic inflammatory cells to the area. Regardless of the trigger, the inability to transition back to a stable axoglial relationship results in progressive axonal degeneration in the region adjacent to the initial injury. Such a concept is supported again by serial human imaging studies identifying that new lesions appear adjacent to prior areas of injury (Gouw et al., 2008; Duering et al., 2013) as well as by transgenic mice lacking the key paranodal protein NF155 that undergo a progressive axonal degeneration in the absence of stable axoglial junctions (Pillai et al., 2009) . Thus, an enhanced understanding of the molecular systems that maintain axoglial contact and the effect of stroke on these systems is needed.
In conclusion, we have demonstrated that traditional imaging and histopathological methods underestimate the degree of damage resulting from white matter injury. Histology has previously been shown to be superior to post-mortem MRI in demonstrating the extent of damage within white matter (Fernando et al., 2004) . Here, we show that a molecular neuropathological approach is capable of demonstrating that the molecular disorganization of axons exists a substantial distance from the infarct core, further supporting the concept of a white matter penumbra. Within this penumbra are surviving but damaged axons, marked by axonal microdomain disorganization, that fail to maintain contact with oligodendrocytes and lose the molecular underpinnings of saltatory conduction. These surviving but impaired axons can contribute to progressive axonal loss and disability. In addition, we also show that the combined use of neuroimaging and molecular pathology can help to identify the spectrum of injuries that underlie white matter hyperintensity on MRI. Future studies should use a similar approach and sample the brain more widely to determine the degree to which these changes are relevant to the white matter as a whole. In turn, this knowledge can identify new therapeutic targets to protect white matter from progressive injury and promote neural repair.
